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. _ tI . amfect ants 293 human embryonic kidney cells stably express- 
The mechanism by which presenilin mutations cause the most «™f™ n ^™ thfi Swedisn V muta tion' were transfected 
malignant form of Alzheimer's disease (AD) is currently un- ^fp^Z cDNA constructs. The Swedish mutation makes 
known. Because several lines of evidence strongly support the wtfh P62 o p. seC retase< and thus increases the pro- 

conclusion that progressive cerebral deposition of amyloid p- APP a be " e "UDst p particular cell line was 

P^Vfs a s P emfnal event in AD pathogenesis (reviewed in ^^^So^beU £ high total Ap sec- 
ret 1). it has been hypothesized that all known early-onset fa quantification of A&, by our sandwich 
milialAlzheimer'sdisease(FAD)m U tationsacttofoster Apd po- ^ ^ irnmuno ^ 0 rbent assay (ELISA). In addition the 
sition, particularly of the highly amylcndogemc 42-re due enzy ^rn e m ^ thg p . cleaved form of APP, 
form. A recent study' demonstrated that skin fibroblasts cutaired ^^^^ ^ a direct analysis of p-secretase 
from PS1 and PS2 mutation carriers indeed secrete "gmhcantiy o the Swedish ^ ^ contain ^ NA 
elevated amounts of A Poi suggesting that the pat ho^mc effect J^J^ 2 ^ m ? utant forms of these gen es under transcriptional 
of the presenilin mutations may be at the level of Ap 12 produc- of PS PS2 or We selected stable lines of wild- 
tion. Here we confirm and extend these initial findings in trans- the ™ mutants H163R , L286V and L392V and 
fected human cells in which the sole variable is the Ruction type PS1 a m4ii (Volga Qer F 
of PSI and PS2 genes, and any other host-derived factors are wild type 1 ^ double . transfected cell hnes, 
eliminated'. Moreover, we directly show that the same effect oc- 1« shows ,< ^ p mn of cell lysates wit h the car- 
curs under in vivo conditions, that is, in the brains of mice ex- ^detected by ^ ^ ^ ?q gt 
pressing both APP and mutant PS1 transgenes. manuscript submitted). All lines show an increase in the circa 

18-kDa C-terminal PS1 endoproteolytic fragment comp ared 
Transfected cell lines AP p,p reS enilm double- with that of nontransfected cells. In addition, the high express 

In order to obtain stable constitutive API /presenmn uuu 
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Fig. 1 a, Cells stably transfected with APP alone (0) or with PS1 wild-type 
(wt) or one of the indicated PS1 mutants were labeled for 150 min. Extracts 
were immunoprecipitated with the C-terminal PS antibody 4627, which de- 
tects monomeric full-length PS1 (f! PS1), as a broad, fuzzy band just be- 
neath the 43-kDa background band, PS1 aggregates (ag PS1) and 
C-terminal proteolytic fragments (CTF). The broad band running at about 
100 kDa was identified as PS1 aggregates because the size changes as ex- 
pected when parts of the monomeric molecule are recombinantly deleted 10 . 
b, Aliquots of the same extracts were immunoprecipitated with 4627 pre- 
absorbed with the immunogenic peptide. The fuzzy band just below 
43 kDa is removed, c, Cells stably transfected with APP alone (0) or with 
PS2 wild-type (2/wt) or PS2 Volga German mutant (2/VG) were precipi- 
tated with 4627. This antibody has a higher affinity for PS1 than for PS2. 
Therefore the PS2 full-iength bands are rather faint. One cannot expect to 
detect C-terminai PS2 proteolytic fragments after the short labeling used 
here. d f Precipitation as in (c) after preabsorption of antibody 4627. 



ing lines wt-6, L392V-25, H163R-8 and L286V-7, but not the 
low-level expressors H163R-23 and L286V-13, show the broad 
full-length PS1 monomer band running slightly below 43 kDa 
and the characteristic higher molecular weight aggregates that 
have been previously described 10 (Fig. 1a). These bands are spe- 
cific, as demonstrated by peptide absorption (Fig. lb). The results 
are consistent with the data of Thinakaran et al 9 and M.B. 
Podlisny et al (manuscript submitted), who demonstrated that 
untransfected cells and low-level PS1 overexpressing cells show 
only the stable N- and C-terminal fragments, whereas full-length 
PS1 becomes detectable only when substantial overexpression is 
achieved. All cell lines shown in Fig. 1 have had stable presenilin 



PS1: (A(WAp toul )/nontransf, 



4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1.00 
0.50 
0.00 











Fl 






wt-6 L286V-5 L286V- L286V-7 L392V- H163R- H163R- 
13 25 8 23 



PS2: (A[i 42 /Ap (0 J/nontransf. 




Fig. 2 The A^/Aft^ ratio normalized to that in non transfected cells 
(Table 1) is plotted for all clones analyzed in this study. Data shown are 
means. Error bars indicate the standard deviations. 



levels for several months. Cell lines transfected with PS2 were an- 
alyzed in the same way, since 4627 also precipitates PS2 (M.B. 
Podlisny et al, manuscript submitted). In all four lines, a broad, 
fuzzy band with an apparent molecular weight of about 50 kDa, 
which is absorbable and not detectable in untransfected cells, in- 
dicates stable PS2 expression (Fig. 1, c and d). In addition, the ex- 
pected higher molecular weight aggregates 10 are observed. 

We analyzed the effects of PS mutations on APP processing 
using all of the cell lines shown in Fig. 1. No qualitative changes 
in the immunoprecipitation pattern of full-length APP or its C- 
terminal fragments were observed when steady-state levels of 
APP in nontransfected, wild-type-transfected, and mutant PS1- 
and P52-transfected lines were analyzed with the C-terminal APP 
antibody C7 (ref. 11). In addition, no qualitative differences 
among the different lines were observed in the steady-state im- 
munoprecipitation patterns of a-APP, [antibody 1736 (ref. 12)], 
P-APP, [antibody 192sw(ref. 7)], and Ap towl and Ap 42 [antibodies 
1282 (ref. 13) and 21F12 (ref. 14), respectively] (not shown). To 
quantify any PS 1 -induced changes in the steady-state levels of 
full-length APP, a-APP, and P-APP,, eight immunoprecipitation 
experiments were carried out on different days and analyzed by 
phosphor imaging. The results of each experiment were normal- 
ized to those in the untransfected line (Table 1). No significant 
differences in the steady-state levels of full-length APP, cc-APP, 
and p-APP, were detected between all PS 1 -transfected cells and 
untransfected cells, or between untransfected plus PS1 wild-type- 
transfected cells and all PS1 mutant-transfected cells. For PS2, no 
significant differences were found in the steady-state levels of 
full-length APP, oc-APP, and p-APP, between untransfected and 
PS2VG-transfected cells. These data indicate that the pathogenic 
effect of the presenilin mutations is unlikely to involve APP 
metabolites other than Ap. 

To quantify changes in Ap production, media from all stable 
lines were conditioned for 21 hours, and we assayed total AP and 
Ap 1 _ l2 by highly specific sandwich ELISAs (Table 1). These ELISAs 
detect only AP starting at Aspl. Four sets of experiments with 
two sister dishes of each clone were carried out for the PS1 lines 
and five sets of experiments with two sister dishes of each clone 
were carried out for the PS2 lines. For PS1, a significant increase 
of total Ap compared with that of nontransfected cells was ob- 
served only for the lines H163R-8 and L286V-13 but not for 
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showed a two- to threefold increase in total 
Ap that was highly significant (P = 0.0001). 
Ap w2 levels were significantly elevated 
(-1.5- to 3-fold) compared with nontrans- 
fected cells for all PS1 mutant clones (P < 
0.003 for each comparison), including the 
L286V mutation that showed a nonsignifi- 
cant Ap 42 elevation in the fibroblast study 3 . 
Ap W2 levels were increased more than five 
times in the PS2VG mutant clones. No-Ap 42 



Fig. 3 a, Northern blot of total RNA (1 0 ug per lane) from the brains of transgenic and control mice 

using a human-specific PS1 cDNA hybridization probe. Lane 1 = Hn ? !1iTna elevation was found in the PS1 wild-type 

ThT po dtow rfSrSnigenwHic^ed mRNA, comprising PS1 coding sequences and PrP untrans- cate that mutations in both presenilin genes 

lated sequences are indicated. Exposure time J 6 h. b, Western blot of brain lysates from the same consist ently increase Ap w2 production 

mice as in a using the N-termina! PS1 antibody, Ab14. Lanes as in a. Positions of the transgenic (Table 1} This effect was clearly confirmed 

human PS1 holoprotein ("full-length") and of the endogenous mouse and transgemc human N- we calculated the ratio of Ap 42 /Ap total , a 
terminal endoproteolytic fragments are indicated. 



when we calculated the ratio of AP 42 /Ap total , a 
measure of the relative utilization of the 42- 
cleavage pathway that eliminates differ- 



other clones of the same mutations. Compared with nontrans- 
fected cells, the levels of total Ap were not elevated by transfec- 
tion with PS2 wild-type, but the PS2VG mutant transfectants 



Table 1 


Effect of presenilin 


proteins on APP processing ii 


a 

Line 


fl APP/nt 


oc-APPs/nt 


p-APPs/nt 


0 


1 .00 ± 0.00 


1.00 ±0.00 


1 .00 ± 0.00 


wt-6 


1.10 ±0,21 


1.04 ±0.35 


0.90 ± 0.21 


L392V-25 


0.98 ± 0,26 


0.82 ± 0.38 


0.96 ±0.52 


H163R-8 


0.94 ± 0.28 


1.24 ±0.34 


0.99 ± 0.32 


H163R-23 


1 .00 ± 0.36 


1.36 ± 0.64 


0.93 ± 0.40 


L286V-7 


1.01 ±0.18 


0.97 ±0.46 


0.95 ± 0.70 


L286V-13 


0.94 ±0.15 


1,62 ±0.56 


0.92 ± 0.40 


0 


1 .00 ± 0.00 


1 .00 ± 0.00 


1 .00 ± 0.00 


2/wt-9 


0.75 ± 0.25 


1.38 ±0.38 


0.93 ± 0.20 


2/wt-22 


0.61 ±0.18 


0.64 ±0.31 


1.13 ±0,34 


2/VG-1 


0,83 ±0.1 3 


0.92 ± 0.44 


1.15 ±0.23 


2/VG-1 3 


0.82 ± 0.28 


1.68 ±0.74 


0.99 ±0.37 



b 






Ap„/AP totlri 


Line 


Ap t ot^ 


Ap 42 




(ng/ml) 


(ng/ml) 


0.04 ±0.01 


0 


95.8 ±17,2 


3.86 ±1.19 


wt-6 


96.7 ±27.6 


3.33 ±1-00 


0.03 ±0.00 


L392V-25 


97.4 ± 32.2 


12.95 ±7.12 


0.1 3 ±0.03 


H163R-8 


154.1 ±28.2 


11.79 ±3.14 


0.08 ±0.01 


H163R-23 


99.8 ±13.1 


8.20 ± 0.81 


0.08 ± 0.00 


L286V-5 


79.9 ±16.5 


7.23 ± 2.66 


0.09 ± 0.02 


L286V-7 


93.2 ±48.0 


6.05 ±1.63 


0.08 ±0.00 


L286V-1 3 


135.3 ±45.9 


10.99 ±5.24 


0.08 ± 0.02 


0 


50.2 ±10.3 


2.26 ±0.39 


0.05 ±0.00 


2/wt-9 


38.4 ±11.4 


2.25 ±0.85 


0.06 ±0.01 


2/wt-22 


40.0 ±6.3 


2.28 ± 0.50 


0.06 ± 0.00 


2/VG-1 


79.2 ±15.7 


12.56 ±2.52 


0.1 6 ±0.01 


2/VG-l 3 


160.5 ±47.7 


16.11 ±1.94 


0.11 ±0.03 



Cells stably transfected with APP atone (0) or with PS1 wild-type (wt) or one of the Seated Ml 
mints and lines transfected with «2 wild-type (2/wt) or with the PS2 Volga G«w >«M 
were analyzed eight times for their steady-state levels of cellular full-length APP fl APP). 
MPPs b/immunoprecipitation. The signals were normalized to the nontransfec ed cell l,ne (nt) 
Data are means ± s d. Levels of fl APP are significantly different from w,ld-type for the HI MM tat 
not the H163R-23 clone. Compared with those ^^^/i^^f^^^^ 
clones H163R-23 and L286V-13 are significantly increased, but not .n the clones H163R-8 and 
L286V-7. Compared with that in nontransfected cells, f I APP is s,gn.f ,cantly 
tvoe but not by PS2VC and a-APP, is significantly decreased m the done 2/wt-22 but not in he 
ctone 2/wt^ £ The , same cell lines asTn o were analyzed for A|U and Aft, producuon by ELISA 
assays. Data are means ± s.d. ^ _ , _ 
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ences in total AP production, APP expression, cell number and so 
on. Compared with the nontransfected cells, all the mutant PS1 
clones as well as the PS2VG mutant showed a highly significant 
increase in this ratio (P = 0.0001 for each pairwise corn- 
ed ce || s parison). Furthermore, different clones of the same PS1 
" mutant showed an almost identical Ap 42 /Ap loul ratio, al- 
though the absolute AP™, and Ap,_« levels were different 
and the PS1 expression levels vary dramatically (Fig. 1). 
The extent of the Ap«/Ap total ratio showed a crude inverse 
correlation with mean age of disease onset for the three 
different PS1 mutations we examined. 



Transgenic mice 

We bred transgenic mice bearing a human wild-type 
APP 69S gene with mice bearing different human PS1 
transgenes to produce offspring expressing wild-type 
human APP 69S alone (single-transgenic mice) or both wild- 
type APP 695 and either mutant or wild-type human PS1 
(double-transgenic mice). This strategy was chosen be- 
cause endogenous mouse APP is not associated with Ap 
deposition under physiological or naturally occurring 
pathological conditions. In addition, use of the same pro- 
moter element for both transgenes offers the advantage 
that both transgenes are likely to be expressed in adequate 
quantities in the same cells. Because all parental lines were 
produced using the same inbred FVB/N mice, the only dif- 
ference between double- and single-transgenic animals is 
the presence or absence of the human PS1 transgene and 
any associated insertional mutation. 

Transgenic mice overexpressing wild-type human 
APP 69S were constructed using the prion protein (PrP)- 
derived cos.Tet expression vector, in which the human 
APP^ cDNA was cloned downstream of the promoter, a 
5' UTR exon, and an intron all derived from the Syrian 
hamster PrP gene 15 . The cos.Tet vector was chosen be- 
cause it induces position-independent expression of the 
transgene in many CNS neurons and some astrocytes 16 17 
and has been successfully used to create transgenic mice 
over-expressing human APP 69S (ref. 18). The PS I cDNAs 
were derived from the clone CC33, which contains a 
full-length PS1 open reading frame (ORF) including the 
alternatively spliced residues 324-335 in exon 4 and 
residues 1018-1116 in exon 9 (ref. 19, 20). Two different 
mutant transgenes were created, namely, the M146L and 



(A|WAp t0M) )/nt 

1.00 ±0.00 
0.89 ± 0.23 
3.21 ±0.61 
1 .96 ± 0.49 
2.1 3 ±0.48 
2.28 ±0.57 
2.1 2 ±0.41 
1.94 ±0.45 

1.00 ±0.00 
1.26 ±0.11 
1.24 ±0.08 
3.48 ±0.29 
2.33 ±0.59 
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Ra 4 AB /AB „ ratios in the brains of double-transgenic (human PS 1 plus 
u 9 man ^mice (filled symbois) compared with ^l^- UUer- 
mates with the human APP M transgene only (open symbols). The PS J geno 
woe of the double-transgenic mice is denoted below each panel. The Tg1 
Ml 46L line is indicated by triangle symbols because the AB assays were per- 
formed at a different time. 



the L286V raissense mutations, which are both associated with 
FAD but have slightly different phenotypes (M146L FAD age of 
onset, 40 years; L286V FAD onset, 50 years)-. Several differen 
founders were obtained for each construct, bearing a range of 
ransgene copy number up to 50-60 copies (data not shown)^ 
The expression of the PS1 transgenes in brain was determined 
both by northern blotting and by western blotting using the N- 
terminal PS1 polyclonal antibody, Abl4 (ref. 9). 

Four independent PS1 transgenic lines were selected for cross 
breeding with the wild-type human APP 6K transgenic line 
Tg6209 which contains approximately 28 ± 6.1 APP copies and 
produces 1.6 ± 0.43-fold more human APP than endogenous 
murine APP. Of the four resultant double-transgenic lines, the 
wUd-type PS1 line Tgl95 and the L286V PS1 line Tgl98, express 
LilaTamounts of transgene-encoded mRNA (Fig. 3«, lanes 
and 2). Because this analysis was performed with human PS1 
cDNA probe, endogenous mouse PS1 mRNA is not detected ff* 
3a, lane 5), precluding an accurate estimation of net PS1 mRNA 
in transgenics versus non-Tg controls. However, northern blot- 
«ng witt a mouse PS1 cDNA probe Indicated that human PS1 
mRNAs in the Tgl9S and T g 198 lines were present at levels equal 
to or greater than their murine counterparts (not shown) The 
M146L lines Tgl andT g 29 express PS1 mRNA at WM^yJ 
times and 14 times, respectively, the level found in Tgl95 and 
Tgl98 mice (Fig. 3a, lanes 3 and 4). In accord with ^these .mRNA 
results, the Tgl and Tg29 M146L lines produced readily de- 
tectable quantities of PS1 nonprotein (Fig. 3b, lanes 3 and 4). In 
the Tgl95 (wild-type) and Tgl98 (L286V) lines, which expre s 
PS1 mRNA at much lower levels, the PS1 nonprotein was barely 
deteSable in accord with published data on PS1 transgenic 
See' However, all four PS1 transgenic lines expressed sufhcten 
mso that thestable-33-kDaN-terminal proteolytic fragment of 

human PS1 protein was detected and discriminated from the en- 
a^nous mouse PS1 N-terminal product, which has a slightly 
slower electrophoretic mobility (Fig. 3b). Moreover, western blot- 
- with C-terminal anti-PSl antibodies confirmed the presence 
of the complementary ~19-kDa C-terminal fragment of human 
PS1 in all four transgenic lines (not shown) again ^ «pected • 

Single- or double-transgenic mice were killed at 38-133 days ot 
age (median 75.5 days), and the hippocampi were q ul * frozen - 
The same sandwich ELISAs used for the transfected cells deter- 
mined the concentration of total Ap and Ap lJ2 peptides in hip- 
pocampus, a brain area strongly affected in AD. AB levels were 



measured simultaneously for the Tg29 (M146L ^ double- 
transgenic), Tgl98 (L286V double-transgenic) and Tgl95 (wild- 
type double-transgenic) animals and their single-transgenic con- 
Si littermates. AB levels in the Tgl (M146L double-transgenic) 
line and their single-transgenic control littermates were mea- 
sured together in an independent experiment. The results 
showed small but significant increases in total human Ap pep- 
tides in the hippocampus of the Tg29 M146L (P < 0.001) and 
Tel98 L286V (P < 0.01) double-transgenic mice compared with 
their single-transgenic littermates. In contrast, the hippocampi 
from the Tgl95 wild-type PS1 double-transgenic mice showed 
only a small and nonsignificant increase in total AB. 

lust as in the transfected cells, there was a highly significant 
increase in the amount of AB 42 in the brains of double-transgenic 
mice expressing M146L (Tgl) and L286V (Tgl98 mutant PSIJP 
< 0 0001). The amount of AB 42 in the brains of wild-type PS1 
(Tel95) double-transgenic mice did not differ from that in the 
brain of the single-transgenic (APP MS ) control mice. Furthermore, 
the ratio of Ap 42 to total AB was significantly increased in the mu- 
tant but not the wild-type PS1 double-transgenic mice (P < 
0 001) (Fig 4). These results were confirmed by an independent 
assay of Ap in the second M146L (Tgl) double-transgenic line 
(triangular symbols in Fig. 4). As in the transfected cells, we ob- 
served differences in the magnitude of the increase m the 
ABJAptotal between the different mutations: the ratio was less 
in the L286V line (Tg 198) than in both of the M146L lines (Tgl 
and Tg29). In full agreement with the transfected cell studies, the 
tevels of a-APP, and P-APP, in the PS1 mutant do^-transgenic 
brains, as measured by highly specific ELISAs (ref. 23 and KJ.-W 
et al; manuscript submitted), were unchanged from those in the 
ylPP single transgenic brains (not shown) . 



Here we demonstrate that cells transfected with one of several 
AD-linked mutant presenilin genes all secrete significantly in- 
creased levels of A P) , thus confirming the initial findings o 
Scheuner et aV. This result is important in that the eel s used for 
transfection are not derived from an individual with Alzheimer s 
disease thereby unequivocally demonstrating that the observed 
AB increase is directly due to the presenilin mutation and not to 
^ome other unknown confounding factor in the diseased fibre 
blasts The observation that neither the double-expression sys- 
tem using Zeocin selection nor the overexpression of the 
wUd-typePS proteins significantly changes AP production shows 
That the observed effects in transfected cells are really mutation 
related. It is noteworthy that we extended our analysis of PS1 
mutations to the in Jo situation in the brains of transgenic 
mice. The data obtained in this independent approach are en 
Sely consistent with the data on the transfected human cell 
lines Furthermore, we observe changes in amylo.dogen c APP 
SSbollsm in these mice that antedate any neuropathology! 
evidence of neurodegeneration. 

Taken together, our data strongly suggest that presenilin mu- 
tations cause a dominant gain of function, because mutant PS 
genes ead to an increase in AP 42 production even though the en- 
dogenous wild-type alleles are present. This increase rs indepen- 
den of *e preslilin expression levels in the various transfected 
2ll lines. When the A|WA|U ratio is normalized to that in non- 
transfected cells (Fig. 2, Table 1), the PS1 wild-type and the PS2 
SSSSiS. -very similar to nontransfected cell, whereas 
Tach mutant shows a highly significant increase m the 
(APJAPJ/nontransfected ratio. This increase was about 
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twofold for H163R and L286V, threefold for L392V and between 
two- and fourfold for PS2VG. It is noteworthy that the different 
PS1 mutants cause highly significant differences in th< > degrees 
of MWMU elevation (P - 0.000! for all L286V £ ^ «dP 
- 0 0001 for all H163R vs. L392V). Among the PS1 mutants ex- 
amined, the extent of ApJAp K „, elevation showed a crude in- 
verse correlation with mean age of disease onset. Examination of 
further mutations will determine whether this relationship ob- 
tains in general for PS1. If it does, then additional conservative 
mutations in the PS1 gene could conceivably exist that increase 
AB 42 production only very slightly, and such mutations could be 
risk factors for late-onset AD. The two- to threefold increase m 
AB /AB , ratio in PS2VG despite a sixfold increase in AB„ is due 
fo the simultaneous twofold increase in total AB Our data raise 
the possibility of an intrinsic difference in the effects of PS1 and 
PS2 mutations on APP processing. None of the PS1 mutants we 
tested had such a dramatic effect on A8 42 production as the 
PS2VG mutant (six- to eightfold increase of AB )2 ). Furthermore, 
only in this PS2 mutant did we also observe a consistent and sig- 
nificant increase in total AB. One may speculate that mutant PS2 
affects v-secretase processing of APP somewhat differently than 
does mutant PS1, namely, it increases the cleavage at AB M as well 
as that at AB 42 . Alternatively, the nonconservative Asp tc » le sub- 
stitution" in the Volga German mutation may have a more strik- 
ns effect than the relatively conservative PS1 mutations we 
examined. The high increase in AB 42 in the PS2 mutant-trans- 
fected lines does not correlate with the relatively late age of dis- 
ease onset in the Volga German kindred*. However in the brain 
PS1 and PS2 may be differently expressed and regulated than m 
the transfected cell model, in which both proteins are expressed 
from the same promoter in all cells. 

In the transgenic mouse model, we observed a small increase in 
total A3 peptide concentration in the brains of double-transgenic 
mice bearing mutant PS1 sequences. No significant increase in 
total AB peptide levels was seen in the PS 1 -transfected 293 cell . 
The significance of this difference remains to be determined, but 
might indicate that there are subtle differences in the way in 
which mutant PS1 alters the Y -secretase-mediated processing of 
APP in brain as compared with nonneural cells. In any event, the 
increase in AB 42 production is consistently seen in all PS1 and PS2 
mutations examined, both in transfected cells and transgenic 
mice, and its amount is always greater than the small and vari- 
able increase in AB^ levels. These findings are entirely consis- 
tent with the recent report of a highly significant increase in the 
density of AB 42 - but not AB M -immunoreactive AB deposits in the 
brains of patients bearing a PS1 mutation". 

In summary, our combined in vitro and m vivo data clearly 
demonstrate that FAD-linked presenilin mutations directly or in- 
directly alter the activity of y-secretase but not o- or B-secretase 
resulting in increased proteolysis of APP at the Ap 42 site and 
heightened AB 42 production. The biological mechanism of this 
effect is presently unknown. Elucidating this process could lead 
to therapeutic inhibition of Ap 42 production to prevent or slow 
AD and the stable cell lines and double-transgenic mice de- 
scribed here should be highly useful in this quest. 



which the SV40 enhancer/promoter, the MCS and the (po- 
sitions 2-588) had been removed by cleavage with BomHI. The PS1 expres- 
sion plasmids were generated by cloning an EcoRI fragment of PS1 
w?id tvoe cDNA clone CC33 (positions 1-2110 of the cDNA sequence") 
* o£z Sagment contains the open reading frame (ORF) flanked by 
1 90 bp of 5' UTR and 461 bp of 3' UTR. PS2 expression plasmids were gen- 
erated by cloning an Ec<M-PvM fragment of PS2 wild-type cDNA (pos.t.ons 

pression constructs were generated by site-directed mutagenesis of the re- 
Se wild-type cDNAs by using the nucleotide substitutions that occur 
In the FAD famttes. Stable cel. lines were se.ected by double-resistance to 
Zeocin (presenilin) and CMS (APP). Single clones were .solated and cell ex- 
tracts were analyzed for PS expression by immunoprec.p.tation. 



PS 7 ar ,d APP„ S double-transfected cell lines. Plasmids in which the MI or 
PS2 gene is under transcriptional control of the CMV promoter ■ we« , used 
to stably transfect K695sw cells'. The expression vector pCZ wa ■•9™*™* 
by cloning the CMV promoter of pCDNAS (Invitrogen San D^go CA) 
from position 200-1 1 75 as a BgM fragment into pZeoSV (Invitrogen) from 
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Antibodies and immunoprecipitatlons. The polyclonal antibody 4627 
was used to immunoprecipitate PS1 and PS2. This anybody to the C- 
fe minus of huln PSlVUes ful.-.ength PS1 and PS2 and the 1 8-kDa 
C-terminal PSI-fragment' (M.B. Podlisny et al, manuscript submitted) _Fo 
immunoprecipitation with this antibody, confluent dishes were abeted for 
150 min and extracts were prepared as descnbed (M.B _Podlisny et, al 
manuscript submitted). The following antibod.es were used to analyze APP 
metabo tes by immunoprecipitation: polyclonal antibody C7 agains the 
tart 20 residues of the APP cytoplasmic tail" prec pita tes N>- .ndWp^O- 
Glycosylated full-length APP as well as its C-terminal proteolytic fragments. 
£c lonal antibody R1 736 to residues 595-61 1 of APP,„ was used to pre- 
c£ate a-APPs (ref 1 2). This antibody recognizes an epitope that ,s speafic 

he free C-terminus of «-secretase generated APP,. The po^on* 
body swl 92 (ref. 7) specifically precipitates B-secretase generated APP, car- 
ing the Swedish mutation. The monoclonal antibody 21 F1 2, spea f.c Tor 
AB and P 3 peptides ending at position 42, was used as descnbed 
Electrophoresis of immunoprecipitates of cell extracts or of AB from media 
was done on 10-20% TrisVrricine gels (Novex, San Diego, CA), whereas 
APP precipices were separated by electrophoresis on 10% SDS-po.yacry- 
lamlde Tris-glycine gels. All quantifications were performed w.th a 
Phospho^ager 400 A 9 using Image-QuaNT software (Molecular Dynam.cs, 
Sunnyvale, CA). 

AB EL1SA assays. Confluent 6-cm dishes were conditioned in 2 ml medium 
conta n-mg 10% FBS and the antibiotics used for selection for 21 h These 
med I were assayed by two sandwich ELlSAs. First, to determ.ne the 
Amount of secreted total Ap. monoclonal antibody 266 to ABres.dues 
iT 28 (ref 28) was used as capture and another monoclonal antibody, 3D6 
o AB amino acids 1-5 (K.,,W. et a,., manuscript submitted) as reporter 
This ELISA does not detect N-terminally truncated peptides or p3. A second 
Inquot of the same samples was run in an Ap.,specific EUSA using , for«p- 
ture 21F12, a monoclonal antibody directed to am.no acids 33-42 which 
pecSy binds Ap„(ref. 14) and the same reporter (3D6) - in the to a 
assay. This assay recognizes only AP,., The sandwich EL SA for 

script submitted). 

Statistical analysis. The data shown in Table 1 were statistically analyzed^ 
To take day-to-day variability into account a 

camova^ was used, treating the day as random effect. The analysis was car 
fed outuTng'1 JtrTsformationsof the data and the GLM procedur^.n 
the SAS statistical software. P values were not corrected for multiple testing. 

PS1 transgene construction. The wild-type PS1 cDNA clone CC33 1 was 
Stated by site-directed mutagenesis at base pair 684 to generate the 
M 4oL mSen e mutation and at position 1 1 04 to ^ flinefl" ub"- 
Son The EcoRI fragment described above for the transfected lines was sub- 
c oned mto the plasmid vector oZeoSv 

San Diego, uk), ai n a ui packaged m vitro 

were identified by restriction mapping and PCR us.ng PS1 and PrP 3 UTR 
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primers. The cos.Tet vector is derived from the ^"^T^pTR ^on 
supplies 20 kb of 5' flanking sequence, a promoter, 50 bp of a 5 UTR exon 
a splice donor, a 1 0-kb intron, and a splice acceptor site lying ^upstream to 
the 5o/l cloning site. Downstream of the cloning site there is the 3 UTR of 
PrP a polyadenylation signal, and 8 kb of 3' flanking sequence. The :42-kb 
tract of mammalian DNA cloned into the cos.Tet vector was excised from 
prokaryotic vector sequences using the enzyme Not! 9*punte*«* 
microTnjected by standard procedures into the fertilized oocytes of FVB/N 
rnlce Founders were identified by Southern blot analysis of genomic DNA 
extracted from tail clippings using a hamster PrP 3' «"^"'^'* , p on 
probe. The construction of transgenic mice overexpress.ng human , APP„, 
has been described previously". The APP transgene ^Pressed by the 
To.6209 line used in these experiments includes a MYC-epitope tag. 
However, identical biochemical phenotypes have been produced by 
tagged and untagged APP transgenes in FVB/N mice. SmaH ta.l snips from 
offspring of crosses between Tg6209 (wild-type human M ^and the PS1 
lines were digested with proteinase K in 20 mM Tns, 1 mM MgCI 0.5% 
NP 4^ 0.5% Tween 20 and heat-inactivated for PCR. Primers 888 (S'-agat- 
gagccacgcagtcc) and 910 (5'-tcacagaagataccgagact) amplified a fragment 
from PS1 uansgenes, whereas A4-901 (S'-gacaagtatctcgagacacctggggat- 
gag) and A4-2070 (S'-aaagaacttgtaggttggattttcgtagcc) were used to de- 
tect the APP transgene. 

Expression analysis in transgenic mouse brain. Total-brain RNA was 
prepared from transgene-positive mice (age approximately two months) 
by the acid-phenol method, fractionated on a 1.2% agarose gel and 
transferred to a Nytran Plus nylon membrane (Schleicher anc I Schuell 
Keene NH). The 2.1 -kb human PS1 cDNA fragment was radiolabeled by 
random priming and used as a hybridization probe. The northern blots 
were washed at 0.1 x SSC, 0.1% SDS at 60 °C before autorad.ography. 
For western blot analyses, brain samples were homogenized m 9 vol- 
umes of ice-cold 0.32M sucrose. Aliquots (12 ug) of the lysate w ere 
mixed with an equal volume of 2% SDS, electrophoresed on 12% Tns- 
glycine gels bracketed by the molecular weight markers See-Blue 
(Novex) and "Broad-Range" (NEB, Beverly, MA) and transferred to n tro- 
cellulose. The N-terminal-specific anf.-PSI polyclonal antiserum 14.2 
(ref. 9), raised against residues 1-25 of PS1 was used at a dilution , of 
1-7500 and proteins were visualized by enhanced chem.lum.nescence 
(ECL, Amersham, Arlington Heights, IL) using horseradish > P«™d«< 
(HRP)-conjugated goat anti-rabbit secondary antibody (Bio-Rad, 
Hercules, CA). 

AS-peptide measurements in murine brain. Transgenic and control mice 
were killed by ethically approved procedures, and the hippocamp, were 
rapidly dissected from each brain, weighed and frozen. The frozen t.ssue 
was then homogenized in either 5 volumes of homogenization buffer con- 
taining 5.0 M guanidine HCI, 50 mM Tris ( P H 8.0), 20 ug/ml aprotm n, 
5 mM EDTA, 10 ug/ml leupeptin (Tg29, Tg198, Tg195 and I their single- 
transgenic littermates) or 10 volumes of homogenization buffer (Tgl and 
their single-transgenic littermates), and the homogenate was assayed using 
the AB sandwich ELISAs after 1 0-fold dilution in 0.25% casein, PBS, pH 7.4, 
with protease inhibitors as in the homogenization buffer. AB peptide i con- 
centrations were compared between double-transgenics (with both PS J 
and APP transgenes) and their single-transgenic littermates (APP transgene 
orily) using a two-tailed Student's t-test. 
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